The co-extraction phenomenon was found in a typical chelate extraction system, in which the extraction of lanthanoid ion (Ln 3+ ) with acetylacetone (Hacac) was highly enhanced by various metal ions (M n+ ) such as Cu 2+ , Al 3+ , and Zr 4+ . This phenomenon was ascribed to the formation of the 1:1 adduct between Ln(acac)3 and the M(acac)n extracted into the organic phase. The co-extraction occurred more readily for La 3+ than that for Lu 3+ , and increased in the order of Cu 2+ < Al 3+ < Zr
Introduction
It has been long believed that co-extraction rarely or never occurs in a liquid-liquid extraction system, while coprecipitation in the solid-liquid system has been widely used as a concentration and separation method of trace elements. In the ion-association system, however, co-extraction phenomena have sometimes been found and the cases were comprehensively reviewed by Bagreev et al. 1 Although many studies have been done for the extraction of metal ions with chelating agents, the detailed studies on the co-extraction in the chelate extraction systems have been scarcely done.
In our recent studies, it has been found that the extraction of lanthanoid ion (Ln 3+ ) with 2-thenoyltrifluoroacetone (Htta) is highly enhanced by the addition of tris(acetylacetonato)-metals(III) of chromium(III) 2 and cobalt(III), 3, 4 tris(8-quinolinolato)cobalt(III) 5 or tris(4-isopropyltropolonato)cobalt(III) 6 in the organic phase. These remarkable phenomena were attributed to the adduct formation between Ln(tta)3 extracted and those inert chromium(III) or cobalt(III) chelates in the organic phase. Moreover, similar phenomena were also observed in the extraction of divalent metal ions (M 2+ ) such as alkaline earth metals, 7 Mn 2+ , 8 and Zn 2+ 8 with Htta in the presence of tris(acetylacetonato)cobalt(III) (Co(acac)3) or tris(2-thenoyltrifluoroacetonato)cobalt(III) (Co(tta)3). These results reveal that the coordinately saturated metal(III) chelates as described above act as complex ligands toward the coordinately unsaturated chelates such as Ln(tta)3 and M(tta)2. Such an adduct is expected between a Ln 3+ chelate and a labile metal(III) chelate which have the same ligand.
In this paper, the effect of labile metal ions such as Cu 2+ , Al 3+ , and Zr
4+
, which are extracted into benzene as coordinately saturated chelates with acetylacetone (Hacac), on the extraction of Ln 3+ with Hacac was investigated to express the evidence of co-extraction in this well-known extraction system. To ascertain the adduct formation between those acac chelates, the extraction of Ln 3+ with Hacac in the presence of the inert Co(acac)3 instead of Al 3+ was also studied.
Experimental
An aqueous solution containing 1.0 × 10 -5 M Ln 3+ and 4.0 × 10 -4 -3.0 × 10 -2 M M n+ (Cu 2+ , Al 3+ , and Zr 4+ ) was shaken with an equal volume of a benzene solution of 4.0 × 10 -1 M Hacac for 1 -6 h at 25˚C. After centrifugation, Ln 3+ and M n+ in the aqueous phase were determined by ICP-AES. An aliquot of the organic phase was shaken with 0.1 M perchloric acid for 1 h to strip Ln 3+ and M n+ into the aqueous solution, which was then subjected to the ICP-AES determination. The recovery of Zr 4+ in the extraction was about 80% because of its hydrolysis. 9 However, the recovery of Ln 3+ was not influenced at all by the hydrolysis of Zr 4+ . The distribution ratio of Ln 3+ and M n+ was calculated from those concentrations in the organic and the aqueous phase. The equilibrium pH was measured after phase separation. The ionic strength (I) of the aqueous phase was maintained at 0.12, 0.15, and 0.14 M for the Cu 2+ , Al 3+ , and Zr 4+ systems, respectively.
All the reagents and apparatus used were almost the same as those reported in the previous papers. 4, 6, 7 
Results and Discussion

Effect of metal ions on the extraction of Ln 3+
The extraction of Ln 3+ with 4.0 × 10 -1 M Hacac in benzene was carried out in the presence of 3.0 × 10 -2 M Al 3+ at various pH values. To evaluate the effect of Al 3+ , the distribution ratio of La 3+ with Hacac in the absence of Al 3+ was calculated as follows according to the literature. 10 The distribution ratio of Ln 3+ is expressed as:
where Kn (n = 1 -4) and PLn are the successive formation constant of Ln(acac)n (3-n)+ and the partition coefficient of Ln(acac)3 at I = 0.1 M, respectively. The acac -concentration was calculated from the total concentration of free Hacac and pH. As shown in Fig. 1(a) , because almost all the Al 3+ was extracted into the organic phase as Al(acac)3, the concentration of free Hacac should be changed to 3.1 × 10 -1 M. Accordingly, the extraction of Ln 3+ with 3.1 × 10 -1 M Hacac was also performed in the absence of Al 3+ at I = 0.15 M. Figure 1 (a) shows these experimental plots, which were consistent with the values obtained by Eq. (2). This result suggests that the difference in the ionic strength between I = 0.10 and 0.15 M has no influence on the D values under the given conditions.
In Fig. 1(a 
Equilibrium analysis
Since the enhancement of the extraction of Ln 3+ was observed when labile M n+ was extracted into the organic phase as coordinately saturated chelates, M(acac)n, the adduct formation in the organic phase corresponding to the following equilibrium is assumed:
The distribution ratio of Ln 3+ in the presence of M n+ can be expressed as follows:
The following relationship can be derived from Eqs. (2), (4), and (6): Figure 2 shows the plots of Eq. , respectively). 
Adduct formation properties
The βs,1 values of La(acac)3(M(acac)n) were larger than those of the Lu(acac)3(M(acac)n). In our previous paper, 4 the bonding and the structure of the adduct between the hydrated Ln 3+ chelate with Htta, i.e., Ln(tta)3(H2O)n, and Co(acac)3 in benzene, was studied by spectroscopies such as electronic absorption, IR, and 59 Co-NMR. These studies suggested that the adduct has two different structures with inner-and outer-sphere coordination. In the former, Co(acac)3 displaces the coordinated water molecules in the Ln 3+ chelate and directly coordinates to the central Ln ion through the coordinating oxygen atoms of the acac ligands. In the latter, hydrogen-bonding is formed between the coordinating oxygen atoms of Co(acac)3 and hydrogen atoms of the coordinated water molecules in the Ln 3+ chelate. Both types of adducts coexist in light Ln 3+ such as La which has a large ionic radius and a coordination number of nine, while the outer sphere type mostly exists in heavy Ln 3+ such as Lu which has a small ionic radius and a coordination number of eight. The stability of the inner-sphere type is much higher than that of the outer-sphere type formed by the hydrogen bonding. The differences in βs,1 values between La(acac)3(M(acac)3) and Lu(acac)3(M(acac)3) observed in the present study were probably due to the difference of the structure as described in the Ln(tta)3(Co(acac)3) case. As a result, La(acac)3(M(acac)3) having the large βs,1 value is expected to be mainly or partially an inner-sphere type, while Lu(acac)3(M(acac)3) having the small βs,1 value be an outer-sphere type. Table 1 shows that the βs,1 values of each Ln 3+ are influenced by the central metals of M(acac)n. Since the coordinating oxygen atoms of M(acac)n take part in the adduct formation with the Ln 3+ chelates, the steric configuration of the coordinating oxygen atoms, e.g., oxygen-oxygen non-bonded distance and metal-oxygen distance, must be an important factor affecting the complexing ability of M(acac)n. To evaluate the complexing ability of M(acac)n as a Lewis base, βs,1 was plotted against the formation constants (βass,1) 11-14 for the 1:1 hydrogenbond complexes of M(acac)n with 3,5-dichlorophenol (DCP) as a proton donor. Figure 3 shows a good correlation between log βs,1 and log βass,1. This demonstrates that the complexing ability of M(acac)n toward Ln(acac)3 increases with increases in the basicity of those acetylacetonato chelates, i.e., Cu(acac)2 < Al(acac)3, Co(acac)3 < Zr(acac)4.
The hydrogen-bond accepting power of those M(acac)n strongly depends on the number of the proximate coordinating oxygen atoms from the different acac ligands on the face having the ability of bonding with DCP. 14 By X-ray crystallography, the structures of Cu(acac)2, M(acac)3 (M: Al and Co), and Zr(acac)4 have been shown to be planar, 15 octahedral, 16 and square antiprism 17 , respectively. The number of the proximate coordinating oxygen atoms are 2 for Cu(acac)2 and 3 (octahedral face) for M(acac)3. Since Zr(acac)4 has the two stereoisomers, the number of the proximate coordinating oxygen atoms are expected to be 4 (square face) and 3 (triangle face) for each stereoisomer. The negative charge density on the face or the side in the chelates increases with increase in the number of the proximate oxygen atoms. The basicity or the complexing ability of M(acac)n as a complex ligand must be influenced by not only the number of the proximate oxygen atoms but also the steric configuration of the coordinating oxygen atoms.
Conclusion
Co-extraction was found out in the extraction of Ln 3+ with Hacac in the presence of various metal ions. Equilibrium analysis revealed that the co-extraction is ascribed to the formation of the 1:1 adduct between Ln(acac)3 and M(acac)n in the organic phase. The overall co-extraction equilibrium is given as follows:
Ln 3+ + M n+ + (3 + n)Hacacorg Ln(acac)3(M(acac)n)org + (3 + n)H + .
The co-extraction is governed by various factors such as ionic radius and coordination numbers of Ln 3+ , ionic radius and charge of M n+ , and the number of oxygen atoms in M(acac)n participating in the adduct formation.
Although many studies have been done for the extraction of metal ions with Hacac so far, the present work clarified that the co-extractions due to the adduct formation between the coordinately unsaturated chelates and the coordinately saturated chelates are rather common phenomena.
